Intracellular signaling is mediated by reversible posttranslational modifications (PTMs) that include phosphorylation, ubiquitination, and acetylation, among others. In response to extracellular stimuli such as growth factors, receptor tyrosine kinases (RTKs) typically dimerize and initiate signaling through phosphorylation of their cytoplasmic tails and downstream scaffolds. Signaling effectors are recruited to these phosphotyrosine ( pTyr) sites primarily through Src homology 2 (SH2) domains and pTyr-binding (PTB) domains. This review describes how these conserved domains specifically recognize pTyr residues and play a major role in mediating precise downstream signaling events.
R
eceptor tyrosine kinase (RTK) signaling is initiated on binding of soluble growth factors to growth factor receptors such as the insulin receptor (IR) or epidermal growth factor receptor (EGFR), or on binding of membranebound ephrins, as is the case for Eph receptors. Intracellular signaling is then propagated through PTMs, which commonly serve to regulate protein function by acting as docking sites for recruitment of modular protein interaction domains. Phosphorylation is the best studied PTM, and is a principle mechanism regulating intracellular signaling.
A common element in RTK signaling involves autophosphorylation of the intracellular portion of the receptor (Fig. 1 ). RTKs become activated as a result of ligand-stabilized dimerization or oligomerization. For instance, in the EGFR subfamily (which includes ErbB and EGF receptors), the formation of homo-or heterodimers is initiated by ligand binding and subsequent exposure of a dimerization domain (Hynes and Lane 2005) . Dimerization of the RTKs allows autophosphorylation of the RTKs; EGFR is exceptional in that an allosteric interaction between the kinase domains of adjacent monomers is responsible for the receptor activation (Zhang et al. 2006) . However, in the majority of cases dimerization enhances RTK catalytic activity through phosphorylation of the kinase activation loop, and in some instances the juxtamembrane region, and recruits signaling effectors through the creation of pTyr docking sites. The specific interaction of signaling proteins with these pTyr-binding motifs activates signaling pathways, such as canonical signaling through the Ras-mitogen activated protein kinase (MAPK), phosphoinositide-3-kinase (PI3K)-Akt, and phospholipase C-gamma (PLC-g) pathways. These RTK pathways can result in a variety of cellular processes, including differentiation, proliferation, survival, and migration ( Fig. 1) . The cellular context of signaling can dictate the biological outcome, and how each RTK initiates a given cellular process remains an area of active research.
Tyrosine phosphorylation mediates RTK signaling through the recruitment and activation of proteins involved in downstream signaling pathways, mediated through pTyr binding of the SH2 and PTB domains of signaling effectors. SH2 and PTB domains are found in an otherwise diverse set of proteins containing a range of distinct catalytic and interaction domains, and provide a degree of specificity through their recognition of both a pTyr residue and surrounding amino acids. Here we will discuss the properties of proteins that contain SH2 and PTB domains and their roles in signaling downstream of RTKs, as well as the mechanisms by which they regulate the activity of these signaling effectors.
SH2-AND PTB-DOMAIN-CONTAINING PROTEINS ARE DIVERSE IN NATURE
An SH2 or PTB domain typically recognizes a pTyr residue within the context of a specific amino acid sequence ). This characteristic allows for the distinct bind- Receptor tyrosine kinases activate downstream pathways through recruitment of proteins containing pTyr-binding domains. Receptor tyrosine kinases are activated on growth factor binding to the extracellular domain of the receptor, leading to receptor dimerization and tyrosine phosphorylation (yellow circles labeled with a P) of their cytoplasmic tails, which act as docking sites for recruitment of PTB and SH2 domains. Various RTKs can mediate a diverse set of cellular processes (colored boxes) determined by the recruitment of specific SH2-and PTB-domain-containing proteins. The gray box displays how the adaptor Grb2 is recruited to an RTK through recognition of the pY-x-N ( pY ¼ pTyr, x ¼ any natural amino acid) and activates cell growth and survival pathways such as MAPK and AKT, respectively, through complex formation via its SH3 domains.
ing of SH2-and PTB-containing proteins to activated RTKs and to other tyrosine phosphorylated signaling effectors (Sadowski et al. 1986; Anderson et al. 1990; Blaikie et al. 1994; Kavanaugh and Williams 1994) . These domains are found in proteins of diverse function, and on RTK activation their recruitment to pTyr sites results in the activation of their host proteins, and the stimulation of downstream signaling pathways. As noted, these proteins usually contain other catalytic and noncatalytic domains that establish their functions, and can be used to categorize them into distinct groups, which are briefly discussed below (Fig. 2) . Adaptor proteins and docking/scaffolding proteins lack intrinsic catalytic activity, but act to assemble signaling complexes capable of selectively stimulating downstream pathways. Adaptors containing both SH2 and SH3 domains use the SH3 domain(s) to aggregate signaling effectors, whereas the SH2 domain mediates recruitment to the active RTK and assembly of the signaling complex. For example, the SH3 domains of Nck bind to effectors involved in the organization of the cytoskeleton (such as N-WASP and PAK) to link the active RTK to the cytoskeleton (Rivero-Lezcano et al. 1995; Zhao et al. 2000) . Scaffolding proteins recruit signaling effectors through linear motifs, including pTyr-containing binding sites, and localized assembly of the signaling complex is directed by the scaffold's PTB or SH2 domain. Shc and IRS-1, for instance, localize to pTyr motifs in an active RTK via their PTB domains and bind the Grb2/Sos complex following phosphorylation of internal YXN motifs, allowing for subsequent activation of the Ras-MAPK pathway (Salcini et al. 1994; van der Geer et al. 1996; Kouhara et al. 1997; Saucier et al. 2004) .
In combination with a catalytic domain, the SH2 domains of kinases, phosphatases, guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs), and the phospholipase PLC-g generally recruit these proteins to their substrates. Such a substrate can be either a tyrosine-phosphorylated protein or a distinct substrate juxtaposed to a tyrosine-phosphorylated protein. Within an enzyme, an SH2 domain can also allow for intramolecular binding and dynamic regulation of enzymatic activity, and this concept is discussed later in this article. In addition, enzymes containing domains capable of binding secondary messengers (such as PH domains binding phosphatidylinositol 3,4,5-triphosphate (PIP3) or C1 domains binding diacylglycerol (DAG)/phorbol esters) tend to show a higher level of specificity in both localization and activation.
Finally, in the STAT family of transcription factors, SH2 domains enable recruitment to active RTKs; on subsequent RTK-mediated phosphorylation, the SH2 domain mediates STAT dimerization and activation (Stahl et al. 1995; Darnell 1997; Levy and Darnell 2002; Schlessinger and Lemmon 2003) . Thus, specific binding of SH2 and PTB domains plays a major role in the localized assembly and activation of signaling effectors. In the sections that follow, we describe in detail how the specific localization of a protein is achieved through the various modes of SH2 binding.
SH2 DOMAINS
The SH2 domain was initially discovered through the observation that an 100 amino acid sequence in the v-Fps/Fes oncoprotein was necessary for cellular transformation (Sadowski et al. 1986 ). This domain was named SH2 because of its homology with a corresponding region in Src family and Abl cytoplasmic tyrosine kinases. Since that time, more than 100 human proteins have been found to contain SH2 domains (Sadowski et al. 1986; Liu et al. 2006) .
Early on, it was determined that the affinity of an SH2 domain for pTyr depends on the amino acid sequence surrounding the pTyr residue. A given SH2 domain binds to pTyr residues within a preferred peptide with a dissociation constant in the range of 0.2 to 5 mM . By comparison, the dissociation constant for an SH2 domain bound to a pTyr-containing motif of random sequence is 4-to 100-fold lower ( 20 mM) ). This increase in affinity conveys specificity to each SH2 domain. Thus, domains bind specific pTyr motifs; the Src family kinases (SFKs) bind preferentially to a pYEEI motif, Figure 2 . SH2-and PTB-containing proteins are diverse in nature. The modular domain organization of SH2-and PTB-domain proteins displays a diverse set of noncatalytic and catalytic domains for mediating proteinprotein interactions and enzyme catalysis, respectively. See the box legend for description of the binding partners and function of these domains. More information on the individual domains portrayed can be found at www .pawsonlab.mshri.on.ca and www.smart.embl-heidelberg.de. whereas the SH2 domains from PI3K or PLC-g bind preferentially to pYwXw (where w is a residue with a hydrophobic side chain) . The specificity of SH2 domains is therefore afforded to some extent by the binding of distinct pTyr-containing motifs, and by other modes of binding described below.
Canonical SH2 Binding
SH2 domains for which the crystal structures have been solved show a high degree of structural homology (reviewed in Cowburn 1997 and Lemmon 2003) . The typical SH2 domain fold consists of three or four b strands, which make up an antiparallel b sheet, surrounded by two a helices. A positively charged binding pocket on the SH2 domain surface uses a critical Arg residue (within a very highly conserved FLVR motif ) (Hidaka et al. 1991; Koch et al. 1991) to bind the pTyr of target ligands. In canonical binding, the residues surrounding the critical Arg typically engage amino acids from position þ1 to þ6 (carboxy terminal of the pTyr) of the ligand, and it is this sequence that dictates the specificity of a given SH2 domain Pawson 1995; Pawson et al. 2001) . For example, binding of the preferred pYEEI motif involves regions on either side of the SH2 domain central b-sheet; between the b-sheet and the amino-terminal aA helix is a deep binding pocket that accommodates the pTyr, whereas on the opposite side of the b-sheet, adjacent to the carboxy-terminal aB helix, residues form a hydrophobic pocket into which the isoleucine chain extends (Fig.  3A,B) (Waksman et al. 1993) . Therefore, the pTyr-binding pocket of an SH2 domain is adjacent to the region that dictates binding specificity and determines whether or not the signaling effector is recruited to a given RTK or scaffold protein. This in turn determines which pathway(s) is subsequently activated downstream of the receptor (reviewed in Songyang et al. 1993; Pawson 1995; Pawson et al. 2001) .
The various forms of canonical binding give SH2 domains a complexity that contributes greatly to their selectivity. For example, the SH2 domain of Grb2 preferentially binds pYXNX (in which X represents any of the natural 20 amino acids) motifs present among its interaction partners including the Shc proteins ( Fig.  3C ) (Rozakis-Adcock et al. 1993 ). Grb2's preference for Asn at the þ2 position is mediated by a Trp residue (W121) in the EF loop of the SH2 domain whereby mutation of this position (W121T) displays weak binding to pYXNX motifs (Marengere et al. 1994) . The SLAMassociated protein (SAP) SH2 domain, which generally requires its target ligands to be phosphorylated, can also bind its target SLAM constitutively and independent of phosphorylation ( Fig. 3D) (Sayos et al. 1998; Li et al. 1999; Poy et al. 1999; Ma and Deenick 2011) . Tandem SH2 domains in proteins like PI3K, Shp2, and Zap-70 also enhance the specificity of enzyme recruitment to RTKs. Two closely-spaced tyrosine phosphorylated motifs bind to tandem SH2 domains with 20-to 50-fold greater affinity and specificity compared with the binding of a single SH2 domain with a single tyrosine phosphorylated motif (Ottinger et al. 1998 ). This enhanced selectivity is due in part to the spacing between the two pTyr motifs. In the case of Zap-70, this is known to be caused by the nature of binding; the carboxy-terminal SH2 domain binds one of the pTyr sites in a conventional manner, whereas the second pTyr activation motif is bound by residues from both the amino-terminal and carboxy-terminal SH2 domains (Hatada et al. 1995) . To accommodate binding of one pTyr motif by both SH2 domains, a bisphosphorylated peptide would require specific spacing between the pTyr motifs. Similarly, on binding of one of the SH2 domains of Shp2, the SH2 domains maintain a defined relative position that is stabilized at an interface by a disulfide bond and a hydrophobic patch (Eck et al. 1996) ; this conformational rigidity is most likely responsible for the requirement of defined spacing between pTyr motifs in a Shp2 bisphosphorylated target (Pluskey et al. 1995) .
Canonical SH2 binding may be subject to regulation during cell signaling. A recent publication examining phorbol ester stimulation showed that the PI3K SH2 domains are serine phosphorylated in a manner that occludes pTyr peptide binding (Lee et al. 2011) , suggesting that this phosphorylation may prevent SH2-mediated recruitment and activation. Further investigation is required to determine whether this represents a broad-spectrum mechanism of negative regulation.
Alternative Modes of Binding
Some SH2-containing proteins bind their targets in a noncanonical manner. Cbl is an E3 ubiquitin ligase that generally switches "off " protein tyrosine kinase (PTK) targets through ubiquitination and subsequent proteasomal or lysosomal degradation (Sanjay et al. 2001; Ryan et al. 2010) . The Cbl SH2 domain has an unusual sequence compared with other SH2 domains (sharing only 11% sequence homology), and its structure-although similar to other SH2 domains-lacks the conventional BG loop and secondary b-sheet of a typical SH2 domain (Meng et al. 1999) . Nevertheless, the Cbl SH2 domain is functionally similar to other SH2 domains and is embedded within the TKB (tyrosine kinase-binding) domain, which includes an EF hand domain and a calciumbinding four-helix bundle (Hu and Hubbard 2005) . Extensive interdomain contacts form within the TKB domain, which may contribute to the specificity of the SH2 domain in engaging target phosphopeptides. The extended Cbl SH2 domain recognizes residues both amino and carboxy terminal to the target pTyr, and in the case of binding APS it has been shown that amino acids amino terminal to the pTyr also associate with the four-helix bundle (Hu and Hubbard 2005) . Binding of Cbl to proteins including the EGFR, vascular endothelial growth factor receptor, ZAP-70, Src, and Syk involves the canonical (N/D)XpY(S/T)XXP consensus motif ( Fig. 3E) (Lupher et al. 1997; Meng et al. 1999; Schmidt and Dikic 2005) , whereas the unrelated DpYR motif in the Met and Plexin families also binds Cbl (Tamagnone et al. 1999; Penengo et al. 2003; Peschard et al. 2004) . Surprisingly, the crystal structure of the Cbl TKB domain binding to the pY ligand of Met revealed that Cbl can bind this motif in two orientations: the "canonical" forward orientation and the reverse orientation (amino to carboxyl terminus) (Fig. 3F ) (Ng et al. 2008) .
In addition, the APS adaptor protein has been shown to dimerize and stabilize the activation of RTKs including the IR through interactions with the activation loop (Ahmed et al. 1999; Moodie et al. 1999; Yokouchi et al. 1999 ). This dimerization may be important for transphosphorylation-and activation of the kinase domains-of these receptors (Dhe-Paganon et al. 2004; Nishi et al. 2005) . The solved structure for the dimerized APS SH2 domains bound to the IR activation loop peptide revealed conventional pTyr binding to Y1158. The dimerization induces a conformational change that creates a second pTyr-binding pocket, and an unusual turn in the peptide ligand running parallel to the b-strands. This new conformation allows for charged interactions between the second pTyr site on IR Y1162 and two Lys residues in the b-D strand (Hu et al. 2003; Dhe-Paganon et al. 2004; Hu and Hubbard 2006) .
In some proteins, secondary binding sites in the SH2 domain, distinct from the pTyr motifbinding site, also participate in specific interactions. For example, in the Fes and Abl kinases, an intramolecular interaction between a secondary SH2-binding site and the kinase domain enhances enzymatic activity, as discussed later in this article (Filippakopoulos et al. 2008) . 
PTB DOMAINS
The pTyr-binding (PTB) domain was first identified in the scaffold protein Shc, which has a carboxy-terminal SH2 and amino-terminal PTB domain. This PTB domain was found to bind a pTyr residue in the EGF receptor (Blaikie et al. 1994; Kavanaugh and Williams 1994) , and it was originally assumed that a characteristic function of all such domains was recruitment in a phospho-dependent manner.
To date, approximately 60 PTB domains have been identified in the human proteome; mutations in six of these have been associated with heritable diseases including Alzheimer's disease, diabetes, and coronary artery disease (reviewed in Uhlik et al. 2005) . It turns out that many PTB domains do not in fact rely on ligand tyrosine phosphorylation for binding, but commonly PTB domains do bind phospholipid acidic head groups, which helps to localize them to membrane or juxtamembrane regions where they can easily bind RTKs and mediate downstream signaling. Binding to phospholipid head groups is mediated by a positively charged binding pocket composed of a cluster of basic residues, and is a distinct event from the PTBdomain-containing protein's interactions with pTyr motifs. This section discusses the pTyr-dependent PTB domains.
The 3D structure of the Shc PTB domain was published just 1 year after its identification (Zhou et al. 1995) . Surprisingly, its structure resembles that of the pleckstrin homology (PH) domain, despite highly dissimilar sequences (Zhou et al. 1995) . To date, all PTB domains for which the crystal structures have been solved appear to share the same folding pattern, including a b-sandwich composed of two virtually orthogonal b-sheets, which is capped by a carboxy-terminal a-helix (Fig. 4) . Together, the b5 strand and a-helix make up the ligand-binding pocket (Schlessinger and Lemmon 2003) . This binding pocket appears to be highly conserved, not only in its location and spatial arrangement but also in the binding mechanism: a cleft between the b5 strand and the carboxy-terminal a helix that accommodates the ligand (Harrison 1996 ; reviewed in Schlessinger and Lemmon 2003; Uhlik et al. 2005 ).
Modes of Peptide Binding
The motif NPXY is common among PTB-domain substrates and is considered the canonical binding motif for PTB-domain-containing proteins. Uhlik and others (Uhlik et al. 2005) conducted an extensive analysis of the PTBcontaining proteins; using structural, functional, and evolutionary data, they classified PTBdomain-containing proteins into three groups: pTyr-dependent Shc-like; pTyr-dependent IRSlike; and pTyr-independent Dab-like (Fig. 4) . These three classes are distinct in their ability to bind a phosphorylated NPXY motif. The Shc, IRS, and Dok scaffolds preferentially bind phosphorylated substrates, whereas the Dab-like PTB-domain-containing proteins bind preferentially to residues that are unphosphorylated or in which the tyrosine is replaced with phenylalanine (Zhang et al. 1997; Dho et al. 1998; Howell et al. 1999; Uhlik et al. 2005) .
The three classes of PTB-containing proteins have three distinct modes of peptide binding described below. To accommodate the negatively charged phosphate moiety, the Shcbinding pocket is basic and positively charged, and forms a network of hydrogen bonding with the phosphate. Three key residues are involved in triangulating the oxygen atoms of the phosphate molecule, and these are conserved in all Shc family members: two arginines (Arg67, Arg 175 in Shc) and one lysine (Lys169 in Shc) (Uhlik et al. 2005) . As with Shc, IRS-like PTB domains have a positively charged pocket, but only two key arginine residues bind the phosphoryl oxygen molecules: these are Arg212 and Arg227 in IRS-1 (Uhlik et al. 2005) . The binding of target ligands with Dab-like PTB domains is nonphospho-dependent and the binding pocket is both less basic and more shallow, having a less important role in peptide-binding affinity. Even though the preferred binding motif is unphosphorylated, the tyrosine at position 0 is important; His136 (in Dab1) forms van der Waals contacts with this residue and Gly131 (Dab1) forms a hydrogen bond. A number of other residues in the b5 strand also form hydrogen bonds with the ligand (Borg et al. 1996; Zhang et al. 1997; Uhlik et al. 2005) . A number of hydrophobic contacts and hydrogen bonds mediate extensive contacts between the Dab-like PTB domains and NPXY-containing ligands (Stolt et al. 2003; Yun et al. 2003; Uhlik et al. 2005 ).
PTB Domain Function
Proteins containing PTB domains lack inherent catalytic activity. Although a number of these proteins also lack any other distinguishable domains, many contain additional protein -protein interaction modules, such as PH, SH2, SH3, PDZ, and SAM domains (Uhlik et al. 2005) . In these proteins, the domains allow for pTyr-dependent and -independent interactions, whereas the disordered regions can become phosphorylated to recruit additional signaling components.
Shc is the classical example of a dual SH2 and PTB-domain-containing protein. Shc becomes tyrosine phosphorylated on binding to a receptor, an association that is mediated by its PTB domain (Ravichandran 2001 ). This pathway is discussed in more detail elsewhere, but the Shc example illustrates how the combination of peptide-binding motifs within a single protein is capable of translating RTK activation into downstream signaling via specific proteinprotein interactions.
Similar examples of docking proteins can be seen with IRS-like PTB domains, including IRS-1, FRS2, and Dok-2 (Guy et al. 2002) . IRSlike members have been found to bind activated RTKs, including members of the IR, EGF, and RET families (reviewed in Uhlik et al. 2005 ). Signaling specificity is achieved by variations in binding affinity between recruited proteins (Uhlik et al. 2005) . For example, the PTB domain of IRS binds strongly to Tyr960 of the IR juxtamembrane region (Gustafson et al. 1995; Sasaoka and Kobayashi 2000) , whereas Shc binds poorly to the same position (van der Geer et al. 1999).
THE SH2 DOMAIN AS A MOLECULAR SWITCH
RTK signaling is initiated through SH2-mediated binding of active RTKs and phosphorylated scaffolding proteins. In this section, we discuss how this and other SH2-binding events act as "molecular switches" that "turn on" downstream signaling by giving a precise order to the recruitment and activation of signaling effectors.
SH2-Mediated Recruitment of Signaling Adaptors
Grb2 initiates two signaling pathways following RTK activation and SH2-mediated recruitment: the canonical Ras-MAPK pathway and the canonical PI3K-Akt pathway. Grb2 is recruited to the cell membrane by binding a pYXNX motif in the RTK itself or in an associated scaffold protein, like Shc or IRS (Fig. 3C) . One of the SH3 domains of Grb2 facilitates signaling through the Ras-MAPK pathway by binding the GEF, and activator of Ras, Sos (Fig. 1, inset ) (Li et al. 1993; Rozakis-Adcock et al. 1993) . Translocation brings Sos proximal to its membrane-bound target Ras. Colocalization seems to be sufficient for Sos to activate Ras, stimulating Ras to exchange GDP for GTP. GTP-bound Ras then activates the serine -threonine kinase Raf, as well as binding to an allosteric regulatory site on Sos to stimulate catalytic activity (Margarit et al. 2003; Sondermann et al. 2004) ; this ultimately leads to activation of the serine/threonine kinase Erk (extracellular signal-regulated kinase). The outcome of this signaling varies from cell proliferation and survival to differentiation depending on the cellular context, which includes complex mechanisms of Erk regulation and a multiplicity of Erk substrates (Yoon and Seger 2006; Ramos 2008) .
A second SH3 domain of Grb2 associates with the scaffold protein Grb2-associated binder 1/2 (Gab) to allow for PI3K signaling. PI3K is activated on recruitment to the cell membrane via binding of a phosphorylated activation motif ( pYXXM) in a membrane-proximal protein such as Gab. Once proximal to its lipid substrate, PI3K converts phosphatidylinositol (4,5)-bisphosphate (PIP2) to PIP3. The formation of PIP3 allows for Akt activation because PIP3 specifically binds the PH domains of both Akt and the Akt activator, 3-phosphoinositidedependent kinase 1 (PDK1) (Newton 2009 ). Colocalization and a conformational change in Akt (induced by PIP3 binding) allow PDK1 to phosphorylate Akt at threonine 308 (T308) (Stokoe et al. 1997; Stephens et al. 1998) . Full Akt activity also requires phosphorylation at serine 473 (S473) by mammalian target of rapamycin complex 2 (mTORC2) (Sarbassov et al. 2005) . The final biological outcome of Akt signaling includes promotion of cell growth, proliferation, and survival. Once again, the signaling outcome is thought to be dependent on which substrates are targeted by Akt (Manning and Cantley 2007) .
Controlled Assembly of the Crk-Signaling Complex
The activity of an adaptor can be controlled by mechanisms aside from SH2-mediated recruitment. The Crk adaptor is autoinhibited through intramolecular interactions. Crk consists of an amino-terminal SH2 domain and two SH3 domains separated by a linker region containing a phosphorylation site (Y221). The potential conformations of this molecule include two structures that result in the inhibition of its binding activities. Under basal conditions, Crk is maintained in a compact structure with the inter-SH3 region forming contacts with the SH2 domain and each of its two SH3 domains (Kobashigawa et al. 2007) . In this closed conformation, the binding site of the amino-terminal SH3 is occluded by the SH2 domain, leaving it unable to bind to signaling effectors. However, the binding site of the SH2 domain is unobstructed. This suggests that SH2-mediated recruitment to a phosphorylated activation motif may allow for rapid and specific binding of proximal signaling effectors at the amino-terminal SH3 domain. The second inhibitory conformation is thought to be induced as a negative feedback mechanism to limit signaling downstream of RTKs and other receptors. This conformation is induced by active Abl kinase, which phosphorylates Crk at Y221 in the SH3 linker region (Feller et al. 1994 ). The SH2 domain of Crk then binds to this pTyr and in doing so prevents its binding to intermolecular targets (Feller et al. 1994; Rosen et al. 1995) .
Kinase Inhibition by Intramolecular SH2-Mediated Interactions
The pairing of a kinase domain and a preceding amino-terminal SH2 domain is a configuration that is highly conserved among nonreceptor tyrosine kinases. Whereas this configuration may have initially served to recruit an enzyme to its cognate substrate, it has evolved to play multiple roles in activating and deactivating kinases (Mayer et al. 1995; Li et al. 2008) .
SH2 domains stabilize an inactive conformation in nonreceptor tyrosine kinases, including the SFKs and Abl. On a biochemical level, the activity of these kinases is enhanced as the enzyme switches from a "closed" inactive conformation to an "open" active configuration. For SFKs, this conformational change is regulated by the phosphorylation state of a carboxyterminal inhibitory tyrosine residue (the equivalent of Y527 in Src). This is regulated by the kinase Csk (c-Src kinase) (Okada and Nakagawa 1989) . Crystal structures of inactive SFKs indicate that the closed conformation is characterized by intramolecular interactions between the SH2 domain and the carboxy-terminal inhibitory pTyr motif, and between the SH3 domain and the linker region connecting the SH2 domain and the catalytic domain (Sicheri et al. 1997; Xu et al. 1997) . This rigid structure is thought to limit the flexibility of the kinase active site (Young et al. 2001) . Inactive Abl mirrors the rigid and closed conformation of inactive Src. However, Abl lacks a regulatory pTyr residue, and an amino-terminal myristoyl group is in part responsible for stabilizing or destabilizing the inhibitory interactions Nagar et al. 2003) .
Activation from a State of Autoinhibition
The intramolecular interactions of autoinhibition, such as those of SFKs, Abl, and the adaptor Crk, must be energetically favorable in the absence of a target peptide to prevent constitutive activation. However, they must also be suboptimal for the protein to be labile and able to respond to changes in cell signaling. Structural analysis of the inhibitory conformation of Crk supports this theory because the carboxy-terminal SH3 domain is in a thermodynamically unstable conformation (Cho et al. 2011 ). Similarly, "strained" conformations can also be observed in SFKs, in which dephosphorylation of the inhibitory tyrosines are sufficient to trigger an open and active conformation (Fig. 5A ) Kmiecik and Shalloway 1987; Amrein and Sefton 1988; Xu et al. 1999 ). In addition, kinase activity can be triggered by the binding of intermolecular target ligands to the SH2 and/or SH3 domains (Liu et al. 1993; Lerner and Smithgall 2002) . However, a mutant of the SFK Lck is constitutively inactive and cannot be activated by T-cell receptor signaling because of a substitution of the native carboxyterminal inhibitory motif for an alternative optimal SH2-binding sequence: pYEEI (Nika et al. 2007 ).
SH2-Mediated Allosteric Activation of Kinases
The SH2 domains of the nonreceptor tyrosine kinases Csk, Fes, and Abl participate in intramolecular interactions that enhance kinase activity. This is evidenced by the isolated kinase domains from Csk or Fes, which are up to 100-fold less efficient than the full-length kinases (Stone et al. 1984; Sadowski et al. 1986; Filippakopoulos et al. 2008) . The isolated Abl kinase domain is also less efficient compared with an SH2-kinase construct of Abl (Fig. 5B ) (Filippakopoulos et al. 2008) , indicating that the adjacent SH2 domain directly activates the kinase through allosteric effects. In contrast, isolation of the SFK kinase domains (i.e., deletion of the amino-terminal SH2 and SH3 domains) does not hinder activity. Thus, some kinase domains require the SH2 domain for full activity, whereas those of the SFKs do not (Xu and Miller 1996) .
The intramolecular mechanisms of activation have been extensively studied for Csk, Fes, and Abl. The crystal structure of full-length Csk shows extensive hydrophobic contacts between a regulatory aC helix of the kinase domain and the regions surrounding the SH2 domain, the SH3-SH2 linker, and the SH2-kinase domain linker (Ogawa et al. 2002) . Similarly, in Fes, acidic residues in the amino-terminal region of the SH2 domain that are distinct from the pTyr-binding pocket form polar interactions with the aC helix of its kinase domain (Filippakopoulos et al. 2008) . In each case, this interaction seems to stabilize the active configuration of the aC helix and allows for the formation of a lysine-glutamate salt bridge in the active site, and this is critical for orienting the g-phosphate of ATP. In both structures, the SH2-kinase linker is flexible, suggesting that the SH2 domain can rotate to bind phosphopeptides. Thus, on RTK signaling, SH2-mediated binding of an activation motif may stabilize the active con-
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Cite this article as Cold Spring Harb Perspect Biol 2013; 5:a008987 formation. This idea is supported by observations of increased activity of Csk on binding to its phosphorylated target in Cbp (Csk-binding protein) (Takeuchi et al. 2000) , and reduced activity in Fes mutants containing a deactivated SH2 pTyr-binding pocket (Filippakopoulos et al. 2008) .
Similar to Fes, Abl activity is driven by sites of contact between the SH2 domain (I164) and the amino lobe of the kinase domain (T291/ Y331) (Fig. 5C) (Nagar et al. 2006; Filippakopoulos et al. 2008) . This interaction may represent a promising avenue for novel therapeutics because it was shown to be strictly required for the formation of Bcr-Abl-driven leukemia in a mouse model (Grebien et al. 2011) . to activate the Ras-MAPK pathway downstream of RTKs. In this pathway, the roles of Shp2 as a scaffold for Grb2 and as a phosphatase have yet to be fully elucidated. However, several studies have shown that catalytic activity is necessary for Ras-MAPK activation (Noguchi et al. 1994; Deb et al. 1998; Cunnick et al. 2000; Maroun et al. 2000; Yart et al. 2001) . Intramolecular binding of the amino-terminal SH2 domain of Shp2 limits the activity of its PTP ( protein tyrosine phosphatase) domain. The crystal structure of Shp2 indicates that the amino-terminal SH2 domain interacts with the PTP domain at residues that are distinct from the pTyr-binding pocket (Hof et al. 1998) . Mutation of the amino-terminal SH2 at its PTP interacting residues prevents autoinhibition, resulting in Shp2 catalytic activity (O'Reilly et al. 2000) . Interaction between the SH2 domain and a monophosphorylated activation motif is also sufficient to disrupt the PTP-binding surface and activate the enzyme in vitro Sugimoto et al. 1994; Hof et al. 1998) . Collectively, these data suggest that SH2 target binding simultaneously localizes and disrupts the autoinhibition of Shp2.
Binding of both SH2 domains may further enhance the activity of Shp2. Whereas binding of a monophosphorylated activation motif from IRS-1 is sufficient to activate Shp2, catalytic activity is more potently induced by the corresponding bisphosphorylated motif Sugimoto et al. 1994; Pluskey et al. 1995) . This suggests that Shp2 activity may be enhanced by the engagement of both SH2 domains by IRS-1 in the IR pathway, and potentially by other targets in other RTK pathways. One study suggests that the amino-terminal and carboxy-terminal SH2 domains of Shp2 bind to intramolecular pTyrs Y542 and Y580 to enhance activity in vitro (Lu et al. 2001) . As well, one of these pTyrs is necessary and sufficient to activate the Ras-MAPK pathway in vivo (Lu et al. 2001; Araki et al. 2003) . Intramolecular interactions of the SH2 domain may therefore play a role in positively regulating Shp2 phosphatase activity. However, it is of note that some reports suggest that pY542 facilitates binding of the Grb2 adaptor and that this represents an alternative mechanism of Ras activation (Bennett et al. 1994; Li et al. 1994; Vogel and Ullrich 1996; Araki et al. 2003) . The role of these pTyr residues in activating Shp2 and Ras-MAPK signaling warrants further investigation.
SH2-Mediated Assembly of the PLC-g Catalytic Domain
Active PLC-g cleaves the membrane lipid PIP2 to give rise to the secondary messengers DAG and IP 3 , and subsequently activates calcium signaling and protein kinase C to induce effects on cell proliferation, cell survival, and cytoskeletal movements. The amino-terminal and carboxy-terminal SH2 domains of PLC-g act in concert to recruit PLC-g to the cell membrane and assemble the two lipase subdomains into an active configuration. PLC-g has an amino-terminal PH domain, a carboxy-terminal C2 domain, as well as a second PH domain and a catalytic domain, each of which is split into two subdomains located on either side of a stretch of amino acids containing two SH2 domains and an SH3 domain. The amino-terminal SH2 domain has been shown to play a dominant role in pTyr-mediated recruitment of PLC-g to the cell membrane downstream of PDGFR (Ji et al. 1999 ). In the PLC-g-FGFR interaction, the high-affinity binding of the amino-terminal SH2 domain is enhanced by a secondary binding site on the SH2, and this secondary site of contact is required for subsequent enzyme activation (Fig. 6) (Bae et al. 2009 ). Once bound to an RTK, PLC-g becomes phosphorylated at a critical regulatory tyrosine (Y783) in the linker region between the carboxy-terminal SH2 and the SH3 domains (Kim et al. 1991) . The carboxy-terminal SH2 domain binds this pTyr to enhance catalytic activity (Poulin et al. 2005) , presumably through a conformational change that unifies the split catalytic domain. Thus the amino-terminal SH2 domain recruits PLC-g for tyrosine phosphorylation and this allows the carboxy-terminal SH2 domain to restructure PLC-g into an active state.
SH2 DOMAINS AND PHOSPHOTYROSINE-MEDIATED SIGNALING IN DISEASE
As reviewed in this article, pTyr binding and other SH2-mediated molecular switches are critical for controlling basal levels of cell signaling and the level of activation following RTK ligation. Loss of these functions is known to cause disease in many instances.
Mutations abrogating pTyr binding of SH2 or PTB domains prevent specific recruitment of the signaling effector following RTK ligation and are sufficient to cause disease. For example, mutation of the c-Cbl SH2-binding site in the RTK c-Met is sufficient to induce malignant transformation of cells in vitro and in vivo (Park et al. 1986; Abella et al. 2005) . Cbl binds RTKs and down-regulates signaling through receptor degradation (Peschard et al. 2001) . Exposure to a chemical carcinogen causes loss of the exon that encodes for the juxtamembrane region, including the Cbl SH2-binding site (Park et al. 1986; Vigna et al. 1999; Peschard et al. 2001) . This mutation prevents down-regulation of c-Met signaling and induces cellular transformation. Similarly, mutation of the PTB-binding site of the Dok-7 scaffold is sufficient to cause congenital myasthenic syndrome (CMS). CMS is characterized by malformed muscular junctions and manifests early in life as a muscular weakness that causes hypomobility (Engel 2012) . The Dok-7 scaffold is essential for neuromuscular junction formation because it binds the RTK MUSK, and allows for MUSK dimerization and activation in the postsynaptic muscle (Okada et al. 2006; Bergamin et al. 2010) . One of the known CMS mutations of Dok7 (Arg 158 to Glu) disrupts a critical salt bridge formed between the pTyr-binding pocket of the PTB domain and the pTyr-binding motif (NPXpY) in MUSK (Bergamin et al. 2010) . The resulting disruption of MUSK dimerization and MUSK signaling leads to the malformed muscular junctions of CMS.
Mutation in the SH2 domain of Shp2 disrupts the inactive conformation of the enzyme and manifests in one of two distinct disease phenotypes: Noonan syndrome or myelomo- Figure 6 . Activation of PLC-g. Phospholipase C isoform g (PLC-g1) is a tandem SH2 domain-containing protein (see Fig. 2 for a complete view of the domain organization of PLC-g1) that is recruited to activated FGFR-1. The amino-terminal SH2 domain of PLC-g1 mediates primary pTyr binding to Y766 on FGFR-1 but also mediates secondary contacts through the B,C loop and D,E loops of the SH2 domain and the aE, I helix of the carboxy lobe of the kinase domain (PDB: 3GQI). In the activated state of PLC-g1, the carboxy-terminal SH2 recognizes an intramolecular tyrosine phosphorylation site Y783 bringing together the PLC-g-x (X) and PLC-gy (Y) lobes, activating the phospholipase enzyme.
nocytic leukemia. Noonan syndrome is a disease characterized in part by congenital heart defects and reduced postnatal growth. Roughly one-half of Noonan syndrome patients have mutations in Shp2 at or close to the interacting residues of the phosphatase domain and the amino-terminal SH2 domain (Tartaglia et al. 2001 ). This mutation is predicted to result in a gain of function because this interaction surface is known to prevent Shp2-mediated activation of the Ras-MAPK pathway (Hof et al. 1998) . Interestingly, less conservative mutations of the same region can cause juvenile myelomonocytic leukemia (Bentires-Alj et al. 2004 ), suggesting that autoinhibition of Shp2 plays multiple roles in controlling the development and maintenance of human tissues. Loss of SH2-mediated autoinhibition leads to cellular transformation by the viral homolog of Src. Rous sarcoma virus contains an Src homolog known as v-Src (viral Src) (Martin 2001) . Minor differences in the amino acid sequences differentiate v-Src and cellular Src. This includes the loss of the inhibitory pTyr motif. The result is a constitutively active form of Src that transforms the cell through activation of the Ras-MAPK pathway and the PI3K pathway Penuel and Martin 1999) .
CONCLUDING REMARKS
The discovery of the SH2 domain allowed us to appreciate the importance of protein-interaction domains and pTyr-mediated signaling. We now have a strong understanding of the mechanisms involved in intracellular signaling and how it influences human development and disease. With this knowledge we have developed an array of therapeutics targeting nonreceptor kinases and RTKs in cancer and further advances in the field will hopefully allow us to develop novel therapeutics disrupting the intracellular interactions.
In recent years, there has been a shift from contextual studies of the individual components of signaling pathways to high-throughput methodologies that examine signaling in terms of the genetic requirements along with global changes in tyrosine phosphorylation and gene expression. Combining this approach with computational analysis of large data sets has the potential to rapidly advance the understanding of RTK signaling and other signaling systems.
